Chloroplast DNA replication in Chlamydomonas reinhardtii is initiated by the formation of a displacement loop (D-loop) at a specific site. One D-loop site with its flanking sequence was cloned in recombinant plasmids SC3-1 and R-13. The sequence of the chloroplast DNA insert in SC3-1, which includes the 0.42-kilobase (kb) D-loop region, as well as 0.2 kb to the 5' end and 0.43 kb to the 3' end of the D-loop region, was determined. The sequence is A+T-rich 
SC3-1 were active as templates in a crude algal preparation that supports DNA synthesis. In this in vitro system, chloroplast DNA synthesis initiated near the D-loop site.
Eukaryotic cells depend on multiple cytoplasmic organelles for the synthesis of large amounts of organelle proteins; The number of organelles may vary in response to changing metabolic needs of the cell. DNA molecules carrying small but vitally important sets of genes are present in the larger organelles, chloroplasts, and mitochondria. The mechanism that regulates and maintains the coexistence of nuclear genome and the indigenous genomes of organelles is intriguing, albeit poorly understood. Nuclear and organelle genomes differ in the degree of control exerted over their replication, recombination, and segregation (1) (2) (3) . The replication of corn and pea chloroplast DNAs has been shown to initiate with the formation ofdisplacement loops (D-loops) (4, 5) . In Euglena gracilis, the origin of chloroplast DNA replication has been mapped in a polymorphic region by electron microscopic studies (6) (7) (8) , and this region has been sequenced (9) . The polymorphic region and its immediate vicinity are extremely A+T-rich and have the capacity to form multiple stem-loop structures. A tRNATIP pseudogene and an open reading frame (ORF) potentially coding for a 41-kDa protein were located within this region. In Chlamydomonas reinhardtii, two putative replication origins were mapped previously in this laboratory by electron microscopic study of chloroplast DNA restriction fragments containing D-loops. One D-loop region was delimited and cloned (10, 11) . Using an independent approach, Rochaix et al. (12) constructed plasmids that replicate autonomously in C. reinhardtii (ARC plasmids), by inserting random algal DNA fragments into the yeast plasmid pYe-arg4. Plasmid pYe-arg4 can replicate autonomously in yeast but not in Chlamydomonas. After transformation of a strain of C. reinhardtei lacking argininosuccinate lyase with recombinant plasmids constructed from pYe-arg4 and algal DNA, arginine prototrophy was used to select ARC plasmids. Inserts of several ARC plasmids were localized on the physical map of the chloroplast genome (12) . One plasmid, ARC1, hybridized to the restriction fragment that contains the D-loop region cloned by Wang et al. (11) . Recently, ARC1 sequence and a yeast ARS (autonomously replicating in Saccharomyces) sequence were mapped in the vicinity of the D-loop region (13) . In the work reported here, the DNA sequence of the D-loop region and its flanking regions was determined and analyzed. An in vitro DNA replication system was used to study the origin functions of the cloned chloroplast DNA fragments. Trypanosoma brucei (23) , and two short regions of an intercistronic sequence of an octopine Ti plasmid, pTi15955 (24) . All homologies are significantly higher than random occurrence. Whether these homologies suggest any functional role of these regions is not known.
MATERIALS AND METHODS
Structural Features of the Sequenced Region. The sequence analysis presented here, in conjunction with some functional mapping conducted previously, allowed us to compose an overall diagram (Fig. 4) . The D-loop position was mapped by electron microscopy (10, 11) . The ORF was located by computer search. The D-loop region almost completely overlaps the ORF. Computer search identified several regions that approximate the prokaryotic promoter in the 5' flanking region of the ORF. However, the promoter function of this region could not be confirmed by cloning experiments. By use of the promoter-cloning, galK expression plasmids pKOl and pKOTWI, two putative prokaryotic promoters arranged back to back in the chloroplast DNA insert of subclone AH4 (Fig. 1) were detected (25) . Putative -10 and -35 consensus regions of these promoters are shown in Fig.  2 . Both promoters were mapped within the ORF and one promoter was located entirely within the stem region of a stem-loop structure (Fig. 4) .
TT A CA. Test for Origin Function. In the absence of an effective chloroplast transformation method, in vitro DNA replication system using algal proteins has become the method of choice to test the origin functions of clones R-13 and SC3-1. Details of this in vitro system will be published later. Some characteristics of the system are shown in Table 1 . The incorporation of labeled dNTP into acid-insoluble material is ATPdependent. The system is very sensitive to ethidium bromide inhibition. In Chlamydomonas, chloroplast replication has been reported to be sensitive to ethidium bromide (26) . Under phototrophic conditions, nuclear DNA synthesis is not inhibited by ethidium bromide (27) . (21) . UH4 represents the upstream sequence of the H4 histone gene of Tetrahymena thermophila (22) . DTR represents the downstream sequence of the telomeric repeat of Trypanosoma brucei (23) . TDNA represents an intercistronic sequence of the octopine Ti plasmid pTilS9SS (24). X _ \ q 5 DNA synthesis activity was measured for 60 min at 30TC in the standard reaction assay as described in Materials and Methods; 100% equals 9.6 pmol of dNMP incorporated.
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Clone R-13 contains ARCi and ARS08 in addition to the D-loop region cloned in SC3-1. On the chloroplast genome, this is the only region in which three replication-related sequences are closely clustered. The relative positions of these functional regions and some useful restriction sites are shown in Fig. 5 . The five conserved regions shared between C. reinhardtii and Chlamydomonas sp. strain WXM were mapped previously by electron microscopic heteroduplex analysis (11) . The length and location of these regions are indicated by bars A-E in Fig. 5 . Vallet and Rochaix (13) mapped the ARC1 element within the 0.35-kb conserved region B and indicated that the ARS08 sequence could overlap with conserved region E (Fig. 5) . ARS08 is A+T-rich and can replicate autonomously in yeast. Fig. 6 shows the kinetics of the DNA synthesis activity in this in vitro system. Data were collected from several independent experiments. The incorporation of labeled dNTP into acid-insoluble material depended totally on addition of exogenous DNA templates. Peak incorporation was frequently detected after 50 min of incubation at 30TC, using supercoiled DNA of R-13 as template. In this system, maximal incorporation was 9 pmol of dNTP in the 25-.ld reaction mixture containing 0.05 Ag of template DNA, which is equivalent to 0.07 pmol of R-13. Supercoiled SC3-i in general showed slightly lower replicating activity than did R-13. In a typical assay, 7 pmol of dNTP was incorporated into 0.15 pmol of SC3-1 template, while in a parallel assay, less than 3.7 pmol of dNTP was incorporated into 0.13 pmol of supercoiled pBR325 (Fig. 6) . Autoradiographic analyses of the DNAs replicated in vitro when pBR325, SC3-1, and R-13 were used as template (Fig.  7, lanes'1-3 (13) . The replication origins of pBR325 and chloroplast DNA (OriA) are also indicated. large amount of labeled DNA retained within the loading well suggested that the 1.65-kb restriction fragment has strong protein-binding properties. In subsequent autoradiographic analyses (lanes [4] [5] [6] of Fig. 7 ), extensive proteinase K treatment was used prior to phenol extraction and gel electrophoresis.
Both kinetic study and autoradiographic analysis indicate that R-13 and SC3-1 are effective templates in this in vitro system. The higher incorporation of labeled dNTP into R-13 could either be 'due to the presence of multiple initiation sites or due to more effective usage of one initiation site. The initiation site of DNA replication in this in vitro system was investigated by use of ddCTP, which blocks chain elongation Autoradiograms show the distribution of incorporated radioactivity among various restriction fragments after in vitro DNA synthesis. Lane 1: pBR325 was used as the exogenous template, and the labeled DNA was digested with EcoRI and Cla I. The digestion was not complete; the top band corresponds to the full-length linear molecule. Lane 2: SC3-1 was used as template, and the DNA was digested with BamHI and Cla I. Lane 3: R-13 was used as template.
The DNA was digested with Cla I and EcoRI. Each reaction mixture contained 0.05 ,ug of DNA template and the reaction was stopped after 40 min. Free proteins were removed by phenol extraction before restriction enzyme digestion and electrophoretic separation of restriction fragments. The low intensity of the 1.65-kb band in lane 3 is probably due to its high affinity for protein, as discussed in the test. Lanes 4-6: labeling of different restriction fragments of R-13 in the in vitro system, in the presence of 0, 50, or 100 /AM ddCTP, respectively. Reaction mixtures contained all ingredients described in Materials and Methods. The reaction was stopped after 20 min.
Proteins were removed by extensive proteinase K 'treatment (0.1 mg/ml for 1 hr) and repeated phenol/chloroform ( at an early phase of replication (28) . Replicative intermediates of decreasing extents of replication were generated by increasing the ddCTP/dCTP ratio in a series of reactions. The replication products were analyzed by restriction enzyme digestion, agarose gel electrophoresis, and autoradiography. When R-13 was used as the template, labeling of the 1.65-kb fragment generated by EcoRI and Cla I persisted up to the highest concentration of ddCTP (Fig. 7, lanes 4-6) . As shown in Fig. 5 , OriA and the D-loop region are located within this fragment; thus, they are the first to be replicated. ARCi is located in the 2.50-kb fragment, and ARS08 is located in the 1.35-kb fragment. Labeling of both fragments decreases with increasing concentration of ddCTP. Since the kinetic data show that R-13 is a more effective template than SC3-1, ARC, ARS, or other adjacent sequences might play some important auxiliary role(s).
DISCUSSION
Sequence analyses, in vitro replication assay, and previous electron microscopic studies demonstrate that we have isolated one chloroplast DNA replication origin, which we call OriA. Structural and functional analyses of the cloned origin are essential for further study of the regulatory mechanism. The presence of extremely A+T-rich regions and the potential to form large stem-loop structures are prominent features of many replication origins (29) . An interesting characteristic of this replication origin is the clustering of an ORF, a large stem-loop structure, and two back-to-back promoters within a region 408 base pairs long. The location and arrangement of these promoters suggest a possible involvement in the initiation of replication. RNA priming of DNA replication is a mechanism of general significance. The details vary in each replication system. Transcription initiated from the origin promoter might either provide primer for the inception of the DNA strand or change the configuration of the origin region transiently to favor DNA-protein interaction. In this chloroplast replication origin, both promoters are located within the stem region of a stem-loop structure that is situated within the ORF. This spatial arrangement is potentially capable of accommodating intricate interactions. In both Escherichia coli and bacteriophage X, transcriptional events in the cis configuration with the replication origins are critical in regulating the frequency of initiation of DNA replication (30, 31) .
In the crude in vitro replication system we used, the extent of repair synthesis could not be estimated. Our argument for the de novo initiation of DNA replication in this in vitro system is based upon the kinetic studies, the autoradiographic analyses of newly replicated DNAs, and the mode of incorporation of radioactive dTTP in the presence of ddCTP. The kinetic studies indicated that the extent of incorporation was template-specific. In the presence of increasing concentration of ddCTP, the preferential incorporation of radioactive dTTP into a short restriction fragment containing OriA again suggested that a significant amount of incorporation was due to replication initiated at a specific site.
